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Abstract
The small mass of the bottom quark, relative to its weak isospin part-
ner, the top quark, makes the bottom an eective probe of new physics
in Higgs and top sectors. We study the Higgs boson production associ-
ated with bottom quarks, pp=pp ! bb ! bbbb, at the Fermilab Teva-
tron and the CERN LHC. We nd that strong and model-independent
constraints on the size of the -b-b coupling can be obtained for a wide
range of Higgs boson masses. Their implications for the composite Higgs
models with strong dynamics associated with the third family quarks
(such as the top-condensate/topcolor models with naturally large bot-
tom Yukawa couplings), and for the supersymmetric models with large
tan, are analyzed. We conclude that the Tevatron and the LHC can
put stringent bounds on these models, if the bb signal is not found.
PACS number(s): 12.60.-i, 14.80.Cp, 14.65.Fy, 12.38.Bx
Typeset using REVTEX
I. INTRODUCTION
A major task for all future high energy colliders is to determine the electroweak sym-
metry breaking (EWSB) mechanism for generating the (W; Z0) masses and the mech-
anism for the fermion mass generation [1]. Whether the two mechanisms are correlated
or not is an interesting and yet to be determined issue. Given the large top quark mass
(mt = 175:65:5 GeV [2]), as high as the EWSB scale, it has been speculated that the top
quark may play a special role for the EWSB. One of such ideas is that some new strong
dynamics may involve a composite Higgs sector to generate the EWSB and to provide a
dynamical origin for the top quark mass generation (e.g., the top-condensate/top-color
models [3]). Another idea is realized in the supersymmetric theories in which the EWSB
is driven radiatively by the large top quark Yukawa coupling [4].
In the minimal standard model (SM) there is only one Higgs doublet, which leaves
a physical neutral scalar boson as the remnant of the spontaneous EWSB. The Yukawa
couplings of the SM Higgs are determined from the relevant SM fermion masses divided by
the vacuum expectation value (VEV), v ’ 246 GeV. Thus, aside from the coupling to the
heavy top quark, all the other SM Yukawa couplings are highly suppressed, independent
of the Higgs boson mass. For the top-condensate/topcolor type of models [3], with a
composite Higgs sector, the new strong dynamics associated with the top sector plays a
crucial role for generating the large top mass and (possibly) the W;Z boson masses. As
to be discussed below, in this scenario, the interactions of the top-bottom sector with the
composite Higgs bosons are dierent from that in the SM. Due to the infrared quasi-xed-
point structure [5] and the particular boundary conditions at the compositeness scale, the
bottom Yukawa coupling to the relevant Higgs scalar is naturally as large as that of the
top in such models. In the minimal supersymmetric extension of the SM (MSSM) [6],
there are two Higgs doublets, whose mass spectrum includes two neutral scalars (h and
H), a pseudoscalar (A) and a pair of charged scalars (H). The MSSM Higgs sector
contains two free parameters which are traditionally chosen as the ratio of the two Higgs
VEV’s (tan = vu=vd) and the pseudoscalar mass (mA). A distinct feature of the MSSM
is that in the large tan region the Higgs Yukawa couplings to all the down-type fermions
are enhanced by either tan or 1= cos. Among the down-type fermions, the bottom
quark has the largest mass and so the largest Yukawa coupling. Thus, it represents a
likely place where new physics could reveal itself experimentally. This common feature,
the large bottom Yukawa coupling relative to that of the SM, present in both types of the
(conceptually quite distinct) models discussed above, serves as the theoretical motivation
for our analysis.
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Since the third family b quark, as the weak isospin partner of the top, can have large
Yukawa coupling with the Higgs scalar(s) in both composite and supersymmetric models,
we recently proposed [7] to use the b quark as a probe of possible non-standard dynamics
in Higgs and top sectors. In fact, because of the light b mass (’ 5 GeV) relative to
that of the top (’ 175 GeV), the production of Higgs boson associated with b quarks
(pp=pp ! bb ! bbbb) may be experimentally accessible at the Fermilab Tevatron1 or
the CERN Large Hadron Collider (LHC)2, even though the large top mass could render
associated Higgs production with top quarks (pp=pp ! tt) infeasible. As we will show,
this makes it possible for the Run II of the Tevatron and the LHC to conrm the various
models in which the b-quark Yukawa coupling is naturally enhanced relative to the SM
prediction. However, if the bb signal is not found, the Tevatron and the LHC can
put stringent constraints on the models with either a composite or a supersymmetric
Higgs sector, in which the Yukawa coupling of the Higgs boson(s) and bottom quark is
expected to be large. In [8], this reaction was explored at the LHC and the Tevatron3
to probe the supersymmetry (SUSY) parameters of the MSSM. The conclusion was that,
with ecient b-tagging, useful information concerning the MSSM could be extracted from
either the LHC or a high luminosity Tevatron. In this work, we expand upon earlier
results [7] in which it was concluded that even the much lower integrated luminosity of
the Tevatron Run II can provide useful information through this reaction, provided an
optimized search strategy is employed. We begin with a model-independent analysis in
Sec. II, considering relevant backgrounds and determining an eective search strategy to
extract a signal from the backgrounds. We then apply these results to constrain both
composite and supersymmetric models in Secs. III and IV. In Sec. III, we rst analyze
the constraints on the two Higgs doublet extension of top-condensate model [9] and the
topcolor model [10], and then remark upon the recent dynamical left-right model [13]
(as a natural extension of the minimal top-condensate model [14]) which also generically
predict a large bottom Yukawa coupling. In Sec. IV, after deriving the exclusion contours
on themA-tan plane of the MSSM, we further analyze its implication on the supergravity
[15] and gauge-mediated [16] models of soft SUSY breaking that naturally predict a large
1A pp collider with
p
s = 2 TeV.
2A pp collider with
p
s = 14 TeV.
3It was assumed a 1:8 TeV pp collider with an integrated luminosity of 30 fb−1 per detector.
The qq initial state contribution, which is as important as the gg contribution at the Tevatron
after imposing the necessary kinematic cuts, was not included in that calculation.
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tan. The comparison of our Tevatron Run II results with the LEP II bounds (from the
Zh and hA channels) is also presented, illustrating the complementarity of our analysis
to other existing Higgs search strategies. Final conclusions are given in Sec. V.
II. SIGNAL AND BACKGROUND
We are interested in studying production of bb! bbbb at the Run II of the Tevatron
and the LHC. The signal events result from QCD production of a primary bb pair, with
a Higgs boson () radiated from one of the bottom quark lines (c.f. Fig. 1). The
Higgs boson then decays into a secondary bb pair to form a bbbb nal state. Because our
detection strategy relies upon observing the primary b quarks in the nal state (and thus
demands that they have large transverse momentum), our calculation of the bb signal
rate from diagrams such as those shown in Fig. 1 is expected to be reliable. This is in
contrast to the inclusive rate of  production at a hadron collider, in which one does not
require a nal state topology with four distinct jets. In this case a calculation based upon
Feynman diagrams such as those shown in Fig. 1 may not be reliable. It would be better
to consider the Higgs boson production via bottom quark fusion, such as bb !  and
gb ! b, with cares to avoid double counting its production rate [20]. (This calculation
would resum some large logarithms which are included in the denition of the bottom
parton distribution function within the proton.) We have chosen to search in the four
jet nal topology because the QCD background for 3 jets is much larger than that for 4
jets, and thus it would be more dicult to extract a 3 jet signal. Since the signal consists
of four b (including b) jets, the dominant backgrounds at a hadron collider come from
production of Zbb ! bbbb (c.f. Fig. 2), purely QCD production of bbbb (c.f. Fig. 3) [21]
and bbjj, where j indicates a light quark or a gluon (c.f. Fig. 4) which can occasionally
produce a b-jet like signature in the detector.
In order to derive model-independent bounds on the couplings of the scalar particles
with the bottom quark, we consider K, the square-root of the enhancement factor for the





in which (yb)SM =
p
2mb=v is the SM bottom Yukawa coupling and yb is the bottom
3
Yukawa coupling in the new physics model under the consideration4. The decay branching
ratio of  to bb is model-dependent, and is not included in the calculations of this section.
(Namely, the decay branching ratio Br( ! bb) is set to be one). We will properly take
it into account for the specic models to be discussed in the following sections.
We compute the signal and the backgrounds at the parton level, using leading order
(LO) results from the MADGRAPH package [22] for the signal and the backgrounds,
including the sub-processes initiated by qq and gg (and in the case of bbjj, qg and qg).
While the complete next-to-leading order (NLO) calculations are not currently available
for the signal or background cross sections, we draw upon existing results for high pT
bb production at hadron colliders [23] and thus estimate the NLO eects by including a
k-factor of 2 for all of the signal and background rates. (NLO eects to the pp ! tt
cross section in the limit s  m2t  m
2
 were explored in [24]. It was found that QCD
k-factor is on the order of 1.5, but this limit is not expected to provide a very good
estimate to the bb rate at the Tevatron since the corresponding condition m2b  m
2

no longer holds. Furthermore, because the mass of the bottom quark is much less than
that of the top quark, we expect that the k-factor for the bb production rate to be
larger than that for the tt rate.) In the end of this section, we will also estimate the
uncertainty in the calculation of the signal and background cross sections based upon the
above prescription. We use the CTEQ4L [25] parton distribution functions (PDFs) and
set the factorization scale, 0, to the average of the transverse masses of the primary b
quarks, and the boson ( or Z) transverse mass5 for the bb and Zbb processes, and use a
factorization scale of 0 =
p
s^, where s^ is the square of the partonic center of mass energy,
for the bbbb and bbjj background processes. It is expected that a large part of the total
QCD bbbb and bbjj rates at the Tevatron or LHC energies will come from fragmentation
eects, which we have neglected in our matrix element calculation. However, due to the
strong pT and isolation cuts which we will impose for improving the signal-to-background
ratio (explained below), we expect that these eects will be suppressed, and thus will
only have a small eect on our results. Similarly, we expect that after imposing the
necessary kinematic cuts, the signal and the background rates are less sensitive to the
above choice of the factorization scale. In this section, unless otherwise noted, we will
4For simplicity, we ignore running eects in (yb)SM in this section, treating the bottom quark
mass as 5 GeV at all scales. We will comment on the Yukawa running eects in the context of
specic models of new physics in Secs. III and IV.










restrict our discussion of numerical results to a signal rate corresponding to a scalar mass
of m = 100 GeV, and an enhancement factor of K = mt=mb  40. We will consider the
experimental limits which may be placed on K as a function m below.
In order to simulate the detector acceptance, we require the pT of all four of the nal
state jets to be pT  15 GeV, and that they lie in the central region of the detector, with
rapidity jj  2. We also demand that the jets are resolvable as separate objects, requiring
a cone separation of R  0:4, where R 
q
’2 + 2. (’ is the separation in the
azimuthal angles.) In the second column of Table I we present the number of events in the
signal and background processes at the Tevatron Run II which satisfy these acceptance
cuts, assuming 2 fb−1of integrated luminosity. As can be seen, the large background
makes it dicult to observe a signal in the absence of a carefully tuned search strategy to
enhance the signal-to-background ratio. In presenting these numbers, we have assumed
that it will be possible to trigger on events containing high pT jets (and thus retain all of
the signal and background events). This capability is essential for our analysis.
The typical topology of the bottom quarks in the signal events is a \lop-sided" struc-
ture in which one of the bottom quarks from the Higgs decay has a rather high pT of
about m=2, whereas the other three are typically much softer. Thus, the signal events
typically have one bottom quark which is much more energetic than the other three. On
the other hand, the QCD bbbb (or bbjj) background is typically much more symmetrical,
with pairs of bottom quarks (or fake b’s) with comparable pT . In order to exploit this, we










and require that the bottom quark with highest transverse momentum have p
(1)
T  50
GeV, and that p
(2)
T  30 GeV and p
(3;4)
T  20 GeV.
6 In Fig. 5, we show the dierential
cross sections with respect to p
(1)





T cut for the signal and the QCD bbbb background at the Tevatron Run II. These
plots illustrate the advantage in isolating the signal from the background provided by the
asymmetric cuts on the nal state b quarks outlined above. In the third column of Table I
we show the eect of these cuts on the signal and backgrounds. As can be seen, these cuts
reduce the signal by about 60%, while drastically reducing the QCD bbbb background by
6Here, we have corrected the values given in Ref. [7] due to a Fortran error in evaluating the
signal distribution. We thank S. Mrenna for cooperation in checking the Monte Carlo simulation
and for his help in detecting this numerical error.
5
about 90%.
Since the pT spectrum of the leading jets is determined by the mass of the scalar boson
produced, the leading pT cuts can be optimized to search for a particular m. The results
for several values of m are presented in Table II. As expected from the discussion above,
the optimal cut on p
(1)
T is close to m=2 whereas the optimal cut on p
(2)
T is somewhat lower
(generally closer to m=3). We adopt these optimized pT cuts for each mass considered,
when estimating the search reach of the Tevatron or LHC.
Another eective method for reducing the QCD background is to tighten the isolation
cut on the bottom quarks. In the QCD bbbb background, one of the bb pairs is preferentially
produced from gluon splitting. Because of the collinear enhancement, the invariant mass
of this bb pair tends to be small, and the R separation of these two b’s likes to be as small
as possible. On the contrary, in the signal event, the invariant mass of the bb pair from
the -decay is on the order of m, and the R separation is large because the angular
distribution of b in the rest frame of the scalar  is flat. Thus, by increasing the cut on
R to R  0:9 we can improve the signicance of the signal. As shown in column
four of Table I, this cut further decreases the signal by about 30%, and the QCD bbbb
background by about 65%. In the end, their event rates are about the same.
One can further improve the signicance of the signal by attempting to reconstruct
the mass of the scalar resonance. This can be dicult in principle, because one does not
know a priori what this mass is, or which bottom quarks resulted from the  decay in
a given event. It may be possible to locate the peak in the invariant mass distribution
of the secondary b quarks resulting from the  decay, though with limited statistics and
a poor mass resolution this may prove impractical. However, one can also scan through
a set of masses, and provide 95% C.L. limits on the presence of a Higgs boson (with a
given enhancement to the cross section, K) in the bbbb data sample for each value of m
in the set. In order to do this, we assume a Higgs mass, and nd the pair of b quarks
with invariant mass which best reconstructs this assumed mass. We reject the event if
this \best reconstructed" mass is more than 2m away from our assumed mass, where
2m is the maximum of either twice the natural width of the scalar under study (Γ)
or the twice experimental mass resolution7. As shown in the fth column of Table I, this
7We estimate the experimental mass resolution for an object of mass m to be m =
0:13m
q
100 GeV=m. Under this assumption, the natural width of the bosons in all of the
specic models of new physics considered in Secs. III and IV are smaller than this experimental
mass resolution.
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cut has virtually no eect on the signal or Zbb background (for a 100 GeV Higgs) while
removing about another 10% of the bbbb background.
As will be discussed below, the natural width of the Higgs bosons in both the MSSM
and the models of strong EWSB that we wish to probe in this paper are generally much
smaller than our estimated experimental mass resolution, and thus one might think that
an improved experimental mass resolution could considerably improve the limits one may
place on a scalar particle with a strong b interaction. However, the models in which we
are interested generally have one or more nearly mass-degenerate bosons with similarly
enhanced bottom Yukawa couplings. If the extra scalars are much closer in mass than the
experimental mass resolution (and the natural width of the bosons), the signal can thus
include separate signals from more than one of them. Thus there is potentially a trade-
o in the M cut (cf. Table I) between reduction of the background and acceptance
of the signal from more than one scalar resonance. In order to estimate the potential
improvement for discovering a single Higgs boson, we have examined the eect on the
signicance one obtains if the cut on the invariant mass which best reconstructs m
is reduced to m as opposed to 2m as was considered above. We nd that this
improved mass resolution further reduces the QCD bbbb background by about another
40%. Assuming four b tags (as discussed below), this improved mass resolution increases
the signicance of the signal from about 12.2 to 14.6, which will improve the model-
independent lower bound on K by about 10%. Thus, an improved mass resolution would
most likely be helpful in this analysis.
Another method to further suppress background rate is to observe that in the back-
ground events, the b quarks whose invariant mass best reconstructs m come from the
same gluon. This is because, after imposing all the kinematical cuts discussed above (cf.
Table I), the matrix elements are dominated by Feynman diagrams in which one very
far o-shell gluon decays into a bb pair, as opposed to interference of many production
diagrams, which dominates the lower invariant mass region. Thus, for m greater than
about 100 GeV, the background event produces b quarks with the characteristic angular
distribution of a vector decaying into fermions, 1 + cos2 , in the rest frame of the bb
system. This is distinct from the signal distribution, which comes from a scalar decay,
and is flat in cos . Thus, for masses above 100 GeV, we further require j cos j  0:7 after
boosting back to the rest frame of the bb pair which we have identied as coming from
the scalar boson .
In order to deal with the large QCD bbjj background, it is important to be able to
distinguish jets initiated by b quarks from those resulting from light quarks or gluons.
We estimate the probability to successfully identify a b quark passing the acceptance cuts
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outlined above to be 60%, with a probability of 0.5% to misidentify a jet coming from a
light quark or gluon as a b jet [26]. In Table III we show the resulting number of signal
and background events passing our optimized cuts at the Tevatron, assuming 2 fb−1of
integrated luminosity, after demanding that two or more, three or more, or four b-tags
be present in the events, and the resulting signicance of the signal (computed as the
number of signal events divided by the square root of the number of background events).
We nd that requiring 3 or more b-tags results in about the same signicance of 12:2 as
requiring 4 b-tags. However, we see that for the chosen parameters (m = 100 GeV and
K = mt=mb  40), even with only 2 or more b-tags, one arrives at a signicance of about
3, and thus has some ability to probe a limited region of parameters. From the large
signicance, we see that the Tevatron may be used to place strong constraints on Higgs
particles with enhanced bottom quark Yukawa couplings, and that the ability to tag 3 or
more of the bottom quarks present in the signal can probe a larger class of models (or
parameter space of the models) as compared to what is possible if only 2 or more of the
bottom quarks are tagged.
From these results, one may derive the minimum value of K, Kmin, for a scalar boson
with mass m to be discovered at the Tevatron or the LHC via the production mode
bb(! bb). Similarly, if signal is not found, one can exclude models which predict the
enhancement factor K to be larger than Kmin. To give a model-independent result,
we assume that the width of the  is much less than the estimated experimental mass
resolution dened above, which is the case for the models studied in this paper. We
determine Kmin by noting that in the presence of a Higgs boson with enhanced bottom
Yukawa couplings, the number of expected signal events passing our selection criterion
is given by NS = K
2N
(SM)
S , where N
(SM)
S is the number of signal events expected for a
scalar of mass m with SM coupling to the b quark [assuming Br(! bb) = 1], whereas
the number of background events expected to pass our cuts, NB, is independent of K.
Thus, requiring that no 95% C.L. deviation is observed in the bbbb data sample (and







where 1:96 is the 95% C.L. in Gaussian statistics. In Fig. 6, we show the resulting
95% C.L. limits one may impose on Kmin as a function of m from the Tevatron with 2,
10, and 30 fb−1and from the LHC with 100 fb−1, as well as the discovery reach of the
LHC at the 5 level. Our conclusions concerning the LHC’s ability to probe a Higgs
boson with an enhanced b Yukawa coupling are very similar to those drawn in [8], but are
considerably more optimistic than those in [27], where the conclusion was that the bbjj
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background is considerably larger than our estimate (though there are elements of the
search strategy which dier between those of [27] and ours as well, and their simulation
of the ATLAS detector is certainly more sophisticated). In [27] the backgrounds were
simulated using PYTHIA [28] to generate two to two hard scatterings and then generating
the additional jets from a parton showering algorithm. As noted above, in the light of the
strong (ordering of) pT and isolation cuts applied to select the signal events, we feel that
a genuine four body matrix element calculation such as was used in our analysis provides
a more reliable estimate of this background.
We have examined the scale and PDF dependence of our calculation for the signal
and background rates at the Tevatron, and nd that in varying the scale between one
half and twice its default choice (dened above),  = 0=2 and  = 20, the bb signal
and Zbb background rates both vary from the result at  = 0 by about 30%, while the
bbbb and bbjj backgrounds vary by about 45%. This strong scale dependence is indicative
of the possibility of large higher order corrections to the leading order rate. Thus, in
order to better understand the true signal and background rates, it would be useful to
pursue these calculations to NLO. We have also compared the dierence in the results
from the MRRS(R1) PDF [29] and the CTEQ4L PDF, and nd a variation of about 10%
in the resulting signal and background rates. Since these separate sources of uncertainty
(from PDF and scale dependence) are non-Gaussianly distributed, there is no way to
rigorously combine them. Thus, we conservatively choose to add them linearly, nding a
total uncertainty of about 40% in the signal rate (N
(SM)
S ), and 50% in the background
rate (NB). From the derivation of Kmin above, we see that these uncertainties in signal















S and NB are the absolute uncertainties in N
(SM)
S and NB, respectively.
From this result, we see that in terms of a more precise theoretical determination of
Kmin, one gains much more from a better understanding of the signal rate than a better
determination of the backgrounds. Applying our estimation of the uncertainty from PDF
and scale dependence to Eq. (4), we nd an over-all theoretical uncertainty in Kmin of
about 25%.
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III. CONSTRAINTS AND IMPLICATIONS ON DYNAMICAL MODELS WITH
STRONGLY COUPLED ELECTROWEAK SECTOR
The observed large top mass, of the order of the electroweak scale, singles out top
quark from all the other light fermions. This makes the top-condensate/topcolor scenario
particularly attractive [3]. In this section, we analyze the strongly interacting scenario of
the EWSB with a composite Higgs sector. We consider top-condensate/topcolor type of
models [9,10,14,11{13,30,33] in which new strong dynamics associated with the top quark
sector plays a crucial role in the generation of the top quark and the W;Z boson masses.
As we have emphasized, since the bottom quark is the weak isospin partner of the top
quark, its interaction to the Higgs sector can be closely related to that of the top quark. In
the top-condensate/topcolor scenario to be analyzed below, the b quark Yukawa coupling
(to the relevant scalar) is naturally large, of the same order as the top Yukawa coupling
[ O(1)], due to the quasi-infrared xed point structure [5] and the proper boundary
conditions at the compositeness scale. This can give distinct experimental signatures at
the Tevatron and the LHC. In the following, we shall analyze two specic models in this
scenario, and derive the constraints (or discovery reach) expected at the Tevatron and the
LHC based upon the model-independent results in Sec. II. Finally, we shall analyze the
dynamical left-right symmetric extension [13] of the minimal top-condensate model [14].
A. In Two Higgs Doublet Extension of the Minimal Top-Condensate Model
Since the minimal top-condensate model (with three families) [14] was ruled out due to
predicting a too large top mass ( 220−250 GeV) to reconcile with experimental data, we
consider the minimal two Higgs doublet extension (2HDE) of the top-condensate model
proposed in Ref. [9], which predicts a smaller value of mt. Though the simplest 2HDE of
the top-condensate model may not provide enough reduction of the mt value to match the
Tevatron measurement, it is not out of question to incorporate some further improvements
[3], e.g. including the recently proposed seesaw-type top-condensation [33], to achieve a
realistic mt. In the supersymmetrized version of the top-condensate model [34], it is
possible to derive the correct top mass while keeping the similar boundary conditions
and the quasi-infrared xed point structure which ensures the large b quark (and also
 lepton) Yukawa couplings. In this subsection we analyze the simplest 2HDE of the
top-condensate model constructed in Ref. [9], for illustration.
The starting point of the model is to consider the SM without an elementary Higgs
boson, but with Nambu{Jona-Lasinio (NJL) type of four-Fermi interactions [35] generated
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at the cut-o scale , where the new physics takes place. For the third generation quarks,
















eΨL+ h:ci ; (5)
where the summation over color indices is implied in the round parentheses and eΨ =
(−bc; tc)T . Then, just below the scale , two composite Higgs doublets, t and b, can





















To diagonize the t and b mass terms, one needs to introduce the mixing angle  dened




b) . In Eqs. (5) and (6), the mixing term proportional to Gtb or tb
is important to break the Peccei-Quinn U(1) symmetry and to generate a nonzero mass
for the pseudoscalar. The low energy Lagrangian at the scale (< ) can be deduced
from (6) via the renormalization group (RG) evolution [37] which denes the eective low






























where V is the renormalized Higgs potential for t and b. As  approaches to , (7)
should match with the bare Lagrangian (6) to result in the proper boundary conditions to
be used in the renormalization group analysis [9]. It turns out that the compositeness of
both t and b can be achieved only for the boundary condition yt() = yb()  y0  1
[9,3]. Hence,
yt()  yb() ; (for any  < ) : (8)
This is due to the fact that yt and yb satisfy similar RG equations except for a small




























































where Nc = 3 for the QCD theory, and   mt  MHiggs. Because of the infrared
quasi-xed point structure [5,37] of the two Higgs doublet model, the relation (8) holds
well as long as yb(); yt()  1. (At the compositeness scale , yb can be signicantly
lower than yt.) This running behavior is shown in Fig. 7, which conrms the large value
of yb at the weak scale. We have also examined possible threshold eects due to dierent
values of the Higgs masses and found the above conclusion unchanged.
The two composite Higgs doublets develop VEVs from the condensation of < tt>







2 . Since the masses of the t and b quarks are given by mt;b() =
yt;b()vt;b()=
p
2 , and the Yukawa couplings yb and yt are about the same, of the O(1)







 55 1 : (10)
Here, mb(t)(mt) is the running bottom (top) mass at the scale mt. The running values of
mb() and mt() are derived [42] from the measured physical pole masses m
pol
b ’ 5 GeV
[38] and mpolt ’ 175 GeV, and are dominated by the QCD evolution at scales
<
 O(MHiggs).
At the one-loop level, the relation between the pole quark mass mpolq and the MS QCD
running mass at the scale  = mpolq is:
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where c[x] = (23x=6)12=23 [1 + 1:175x] for mpolb <  < m
pol
t , and c(x) =
(7x=2)4=7 [1 + 1:398x] for  > mpolt [55]. Numerically, mt(m
pol
t ) ’ 166 GeV and
mb(m
pol
b ) ’ 3 GeV.
Analyzing the mass spectrum of the Higgs sector, we nd that the lightest scalar
particle with the large Yukawa coupling to the bottom quark is the pseudoscalar P (=p
























b ’ 246 GeV, MP can be as low as O(mZ), depending on the Higgs
mixing angle  and the Higgs self-couplings 4 [9]. For instance, for  = 10
15 GeV, the
mass MP is less than about 233 GeV, and the decay branching ratio of P to bb is about
one. Hence, this model predicts a light pseudoscalar that couples to the bottom quark
strongly through Yukawa interaction.
To discover or exclude this model at the Tevatron and the LHC via measuring the
production rate of four b jets, we need to make use of the model-independent results
obtained in Sec. II, Namely, we need to compare the predicted bottom Yukawa coupling
[yPb = yb() sin] of the pseudoscalar P with the model-independent bound (= Kminy
SM
b0 )










where yPb is the running Yukawa coupling at the scale MP . Note that at the weak scale
the running eects of the VEVs [mainly due to g1() and g2()] are negligible [42], and
for 
<
 MP , mb() = yb()vb = ySMb ()v, so that y
P
b () = sin yb() = tan
p
2mb()=v.
We can thus derive a minimal tan  value for a given MP to discover such a model at
hadron colliders. The result of 95% C.L. exclusion contours is given in Fig. 8 for various
colliders. As shown in Fig. 8, the 2 fb−1 Tevatron Run II data can exclude models with
MP up to  190 GeV, if no signal is found. The entire mass range of P predicted in this
model (less than 233 GeV for  = 1015 GeV) can already be explored at the Tevatron
Run II with a 10 fb−1 luminosity.
B. In Topcolor Assisted Technicolor Model
The minimal top-condensate model [14] and its two-Higgs-doublet extension [9] re-
quire ne-tuning the four-Fermi coupling(s) at the scale  to be very close to the
critical value, but do not address the dynamical origin of the eective coupling(s) at
the energy scale above . The topcolor assisted technicolor models (TCATC) [10]
were proposed to overcome such diculties. These models postulate a gauge structure
G = SU(3)1 ⊗ SU(3)2 ⊗ U(1)1 ⊗ U(1)2 ⊗ SU(2)W at the scales above  = O(1 TeV) .
The third family fermions couple to SU(3)1 ⊗ U(1)1 gauge sector with the same quan-
tum numbers as those under the SM QCD and U(1)Y interactions, while the rst two
family fermions couple to SU(3)2 ⊗ U(1)2 in a similar way. At the scale  = O(1 TeV),
SU(3)1 ⊗ U(1)1 is strong but not conning, and G is spontaneously broken down to
GSM = SU(3)c ⊗ U(1)Y ⊗ SU(2)W due to an unspecied mechanism which may or may
not be related to the EWSB. In consequence, massive gauge bosons of the color octet Ba
(colorons) and the singlet Z 0 are generated. Below this breaking scale  = min(MB; MZ0),
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After the fermions condensate, an eective Lagrangian with two composite Higgs doublets
(t and b) can be introduced as:
LSF =
h












4(+ 21=9Nc) ; yb =
q
4(− 1=9Nc) : (16)
Here  and 1 originate from the strong SU(3)1 and U(1)1 dynamics, respectively. The
U(1)1 force is attractive in the <tt> channel but repulsive in the <bb> channel, such that
the top but not the bottom acquires dynamical mass under the condition




< yt : (17)
Equivalently, this implies that the composite Higgs t but not b develops a VEV, i.e.,
vt 6= 0 and vb = 0, in contrast to the simplest 2HDE of top-condensate model analyzed
in the previous subsection (where vt;b 6= 0). For  < , the composite Higgs doublets t




















From (16), we note that unless 1 is unnaturally large (compared to ), both yt and
yb should be close to the critical value ycrit =
q
82=3 ’ 5:13 at the scale . At the
lower energy scale (< ), yb is still close to yt, based on the RG analysis shown in
Fig. 7. From the RG evolution, we nd yb(mt) = 2:7− 2:1 and yt(mt) = 2:9− 2:2 for
 = 1−10 TeV, with the typical boundary conditions yt() = 5:5 and yb() = 4:5 . The
precise boundary values of yt;b() depends on the detailed dynamics of topcolor breaking
via the parameters (; 1). But for (; 1) not much larger than O(1), yb;t() should be
reasonably close to the critical value ycrit at the scale . Furthermore, as shown in Fig. 7,
the infrared behavior of yt;b() at the weak scale is not sensitive to the possible variations
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of their boundary values at the scale . Therefore, this model generically predicts a large
yb of O(2− 3) at the weak scale.
Another essential feature of the TCATC model [10] is that the topcolor interaction
must not be responsible for the whole EWSB, but is mainly responsible for the top quark
mass generation. As a result, the dynamical scale can be as low as  = O(1) TeV (which
avoids the severe ne-tuning needed in the minimal models [9,14]) and correspondingly,












where c0 = O(1) is a constant. The b quark gets large portion of its mass from topcolor
instanton eects [10]. The EWSB is mainly driven by the usual extended technicolor
(ETC) [40,41] (or the equivalent Higgs) interaction which gives small masses [
<
 O(GeV)]
to all fermions (including t and b). In addition, this model predicts three physical top-
pions with masses around O(mt). The smaller vacuum expectation value vt [estimated
by (19) in TCATC models], as compared to the full VEV (v ’ 246 GeV), makes the
Yukawa coupling of the top to t stronger than that in the SM, which is consistent with
the predictions from the RG analysis in Fig. 7. The large-Nc calculation [32] suggests
that the neutral components (hb; Ab) of b are degenerate and can be the lightest Higgs
bosons with masses of O(100) GeV to a few hundred GeV. Hence, this model also predicts
light scalars which couple to the bottom quark strongly via Yukawa interaction.
To illustrate how Tevatron (Run II) and LHC can test this model via the reac-
tion pp=pp ! bbh(! bb) + X , we compare yb() (predicted in Fig. 7) with the
model-independent bound on Kminy
SM
b0 derived in Sec. II. Or, equivalently, we compare
yb()=y
SM




b () [= Kminm
pol
b =mb()]. The result is shown in Fig. 8b.
It is clear that the Tevatron Run II can already provide useful information on this type of
models. The LHC data can further extend the coverage of the mass range up to 1 TeV. In
Fig. 9, we present the exclusion curve at the 95% C.L. and the discovery reach at the 5
level for the LHC with 100 fb−1of luminosity. If we relax the mass degeneracy condition
(suggested by the large-Nc analysis) and assume that the degeneracy of hb and Ab does
not hold well enough to be within the mass resolution of the detector (cf. Sec. II), then
the 95% C.L. contours in Figs. 8 and 9 will move up by an overall factor of
p
2 for most
of the mass region. Fig. 9 shows that even in this non-degeneracy case, the LHC (with an
100 fb−1 luminosity) can discover the Higgs boson hb or Ab with a mass up to 1 TeV at
the 5 level, since the theory curves always lie above yb=y
SM
b = 100 for Mhb;Ab  50 GeV
(cf. Figs. 8b).
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C. In Dynamical Left-Right Symmetric Extension of the Top-condensate Model
Finally, we consider the left-right symmetric extension [13] of the top-condensate
model, which postulates the gauge structure GLR = SU(3)c⊗SU(2)L⊗SU(2)R⊗U(1)B−L
at a high energy scale . This model has many attractive features. For example, parity
violation can appear naturally via the spontaneous symmetry breaking and the known
quarks and leptons t economically into fundamental representations of the gauge group.
A dynamical see-saw mechanism can also be realized in this scenario, which naturally
yields the small neutrino masses.
At the compositeness scale , a set of NJL-type four-Fermi interactions are gener-
ated, which produce a composite Higgs sector at the lower scale (< ). The sym-
metry breaking pattern occurs via two steps: rst, GLR breaks down to GSM =
SU(3)c ⊗ SU(2)L ⊗ U(1)Y at a scale  = R; second, the remaining standard model
group GSM is broken down to SU(3)c⊗U(1)em at the electroweak scale of O(100 GeV).
The composite Higgs sector of this model contains a scalar bi-doublet , two scalar dou-
blets L and R, and a singlet scalar , with the quantum number assignments (1; 2; 2; 0),





















1CA ;  ; (20)
where the vacuum expectation value vR is much larger than the other VEVs (v1;2 and vL)
and is responsible for the rst step breaking of the left-right symmetry. The true VEV





























where the approximate relation holds, because vR  v1;2; vL. Note that a nonzero vL




2 < v ’ 246 GeV. Furthermore,
the singlet scalar  does not develop VEV.






































mt = (y1v1 + y2v2) =
p





which only involve the scalars in the bi-doublet . To give the correct top mass, tan 
( v1=v2) is constrained to be in the range of 1:3 − 4:0. The formation of dynamical
condensates or the VEVs of the composite Higgs scalars requires the Yukawa couplings
y1;2 to be above their critical value at the compositeness scale. Consequently, y1;2 at the
weak scale can be naturally large [of  O(1)]. The RG analysis [13] indeed shows that for
 to be in the range of 105 to 1019 GeV, the Yukawa coupling y1() varies from about 2:1
to 1:2 at the scale  = O(100− 1000) GeV. Since the Yukawa coupling y2() satises the
same RG equation as that of y1() (after interchanging y1 and y2 [13]), the infrared value
of y2() is also naturally large [of O(1)], and is not sensitive to the boundary condition
at the compositeness scale.8 Furthermore, the mass of the neutral CP -even and CP -odd
scalars Re(02) and Im(
0
2) may be as light as about O(100) GeV [13]. We thus expect
that measuring the production rate of these light scalar bosons via the bb mode at the
Tevatron and the LHC can test this model of EWSB.
Before concluding this section, we note that in the three types of dynamical models
discussed above, the relevant composite Higgs scalars (having large Yukawa coupling yb)
do not couple to −+ mode at the tree level. This is in contrast to the case of MSSM
where the lepton-Higgs Yukawa couplings (such as A-+-− etc) are enhanced in the
same way as that for the down-type quarks in the large tan region. Therefore, further
combining the bb(! −+) channel into our analysis would be useful to discriminate the
above dynamical models from the MSSM9, should a signal be observed.
IV. CONSTRAINTS ON MSSM PARAMETERS AND IMPLICATIONS FOR
MODELS OF SOFT-BREAKING OF SUSY
Supersymmetry (SUSY) is one of the most natural extensions of the SM, mainly be-
cause of its ability to solve the hierarchy problem, as well as for its capacity to imitate
the current experimental success of the SM, despite the plethora of the introduced new
particles and free parameters [15]. The Minimal Supersymmetric SM (MSSM) [6] requires
8Here, the compositeness scale  can be as low as 100 TeV and the left-right breaking scale
R = vR is around of O(10 TeV) [13].
9The  Yukawa couplings to other possible composite scalars are not yet well specied in
the top-condensate/topcolor models, while for the dynamical left-right model the  Yukawa
couplings are expected to be naturally small, not much dierent from the SM value [13,43].
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a two Higgs doublet extension of the SM [1] together with the corresponding supersym-
metric partners. The model includes all renormalizable interactions that respect the
standard gauge group SU(3)C⊗SU(2)L⊗U(1)Y and supersymmetry. In order to prevent
potentially dangerous baryon and lepton number violating interactions, invariance under
a discrete R-parity10 is also required. To be compatible with data, supersymmetry has
to be broken. The breaking of SUSY is parametrized by the general set of soft-breaking
terms, which, in principle, should be deduced from a specic underlying model for SUSY
breaking, such as the supergravity [15] and gauge-mediated [16] models. In this section,
we discuss the potential of the Tevatron and the LHC to test MSSM via measuring the
production rate of bb mode. We shall also discuss the implication of this result on various
supergravity and gauge-mediated models of soft SUSY-breaking.
A. Bottom Yukawa Couplings and the MSSM Higgs Sector
In the MSSM, the Higgs couplings to the SM fermions and gauge bosons involve two
new free parameters at the tree-level, which are the vacuum angle ( arctan vu=vd) and
the Higgs mixing angle . These couplings are shown in Table IV. We see that the
MSSM Higgs couplings to the gauge boson pairs are always suppressed relative to that of
the SM, while their couplings to the down(up)-type fermions are enhanced in the large
(small) tan  region. These enhanced Yukawa couplings are of great phenomenological
importance for the Higgs detection and especially for probing the associated new dynamics
in the top-bottom sector. Alternatively, we can choose tan  and the pseudoscalar mass
mA as two free parameters. Then, at the one-loop level,  can be calculated from













where  2 (−=2; 0). Here the parameter t represents the dominant top and stop loop
corrections which depend on the fourth power of the top mass mt and the logarithm of













10The R-parity is dened in such a way that SM particles are even under R and their super-
partners are odd.
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Note that for large tan, the bottom and sbottom loop corrections can also be important.
Hence, in our numerical analysis below (cf. Sec. IVB), we have included the complete
radiative corrections with full mixing in the stop and sbottom sectors, and the renormal-
ization group improvements are also adopted.11 As shown in Table IV, the A-b-b coupling
has no explicit  dependence. The bottom Yukawa couplings ybbh and ybbH are - and
-dependent, their magnitudes relative to the SM prediction are displayed in Fig. 10a as a
function of mA for various tan values. It shows that for mA above  110 GeV, the h-b-b
coupling quickly decreases, approaching to the SM value for all tan, while the H-b-b
coupling increases for large tan. Therefore, we expect that in the large tan region, the
production rate of Abb or hbb can be large for small mA, while the rate of Abb or Hbb
are enhanced for large mA. Whether the signals of the two Higgs scalars (A and h or A
and H) can be experimentally resolved as two separate signals (e.g., two bumps in the bb
invariant mass distribution) depends on their mass degeneracy.
The MSSM Higgs boson mass spectrum can be determined by taking the second
derivative on Higgs eective potential with respect to the Higgs elds. At tree-level, the
resulting Higgs masses obey the relations: mh  mZ cos 2, mZ  mH , mh  mA 
mH , and mW  mH . However, these relations are substantially modied by radiative
corrections [47]. Including the important contributions from top and stop loops, the


























where M2  m2Z + m
2
A and the parameter t is dened in (24). To analyze the Higgs
mass degeneracies, we plot the mass dierences mA-mh and mH-mA in Fig. 10b using
the complete radiative corrections to the Higgs mass spectrum [55]. We see that for
the large tan values, the pseudoscalar A is about degenerate in mass with the lighter
neutral scalar h below  120 GeV and with the heavier neutral H above  120 GeV.
This degeneracy indicates that the bb signal from the MSSM generally contains two
mass-degenerate scalars with similar couplings, and thus results in a stronger bound on
tan by about a factor of
p
2.
Finally, we note that in Fig. 10, all soft-breaking mass parameters were chosen to
be 500 GeV. Various choices of SUSY soft-breaking parameters typically aect these
11We have used the HDECAY program [55] to compute the Higgs masses, couplings and decay
branching ratios.
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quantities by about 10%-30%. To illustrate these eects, we plot in Fig. 11 the same
quantities, but changing the right-handed stop mass to M~t = 200 GeV in (a-b), and in
(c-d) we use the \LEP2 II Scan A2" set of SUSY parameters12 for comparison.
Because the MSSM predicts a large bottom quark Yukawa coupling for large tan,
and the mass of the lightest neutral scalar has to be less than  130 GeV, we expect that
the Tevatron and the LHC can test this model via measuring the bb production rate.
In the following, we shall discuss the range of the mA-tan plane that can be explored
at various colliders. Some models of SUSY soft-breaking predict a large tan with light
Higgs scalar(s), and thus predict a large bb rate. Without observing such a signal, one
can put a stringent constrain on the model. This will also be discussed below.
B. Constraints on MSSM from bb production at Tevatron and LHC
To use the model-independent result of Kmin obtained in Sec. II to constrain the mA-
tan plane in the MSSM, one needs to calculate the SUSY Higgs boson masses, decay
branching ratios, and their couplings to the bottom quark for a given set of the soft
breaking parameters. In the following numerical analysis, we use the HDECAY code to
include the full mixings in the stop/sbottom sector with QCD and electroweak radiative
corrections [55]. For simplicity, we assume that the superpartners are all heavy enough
so that the decays of the Higgs bosons into them are forbidden. Under this assumption,
we nd that the decay branching ratio of h! bb is close to one for the relevant region of
the parameter space.
As explained above, we combine signals from more than one scalar boson provided
their masses dier by less than mexp, which is the maximum of the experimental mass
resolution (cf. footnote-7) and the natural decay width of the scalar boson. Since the
results of Sec. II are given in terms of the minimal enhancement factor Kmin dened in (1),
we need to convert them into exclusion bounds in the mA-tan plane of the MSSM, in
case that a signal is not found. The bound on tan min (with the possible mass degeneracy
included) can be derived from that on Kmin (for a single scalar) by requiring
12The parametersm0 andM2 are xed at 1 TeV,  is chosen to be−100 GeV andmt = 175 GeV.
The scalar trilinear coupling Ai is xed at
p
6 TeV, corresponding to the maximal left- and right-
handed top-squark mixing. Detailed prescription about this set of parameter scan can be found
in Ref. [17,18].
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tan2 BR(A! bb) +
X
=h;H





BR(! bb)  K2min ; (26)
where ySMb and y

b denote the b quark Yukawa coupling in the SM and the MSSM (with
 = h or H), respectively. Inside the argument of the -function, MA is the mass
dierence between A and . Thus, the equality sign in the above relation determines the
minimal value tanmin for each given Kmin.
To estimate the exclusion regions in the mA-tan plane, a set of soft breaking pa-
rameters has to be chosen, which should be compatible with the current data from the
LEP II and the Tevatron experiments, while not much larger than 1 TeV. For simplicity,
we choose all the soft SUSY breaking parameters to be 500 GeV as our \default" values,
i.e., Msoft = 500 GeV. In Fig. 12a (the upper plot), we show the 95% C.L. exclusion con-
tours in the mA-tan plane derived from the measurement of pp=pp! bb! bbbb, using
this \default" set of SUSY parameters. The areas above the four boundaries are excluded
for the Tevatron Run II with the indicated luminosities, and for the LHC with an inte-
grated luminosity of 100 fb−1. Needless to say, dierent choice of SUSY parameters, such
as the mass and the mixing of the top squarks and the value (and sign) of the parameter
, would modify this result. To compare the potential of the Tevatron and the LHC in
constraining the MSSM parameters via the bb ( = h;A;H) production to that of the
LEP II experiments via Z and hA production, we consider one of the \benchmark" pa-
rameter scans discussed in [17,18], which is called the \LEP II Scan A2"12 set. For this set
of SUSY parameters, the LEP II exclusion contour [17,18] at the 95% C.L. is displayed
in Fig. 12b (the lower plot), for a center-of-mass energy of 200 GeV and an integrated
luminosity of 100 pb−1 per LEP II experiment. As shown in Fig. 12b, the Tevatron Run II
result, in comparison with the LEP II result, can already cover a substantial region of
the parameter space with only a 2 fb−1 luminosity. Thus, detecting the bb signal at
hadron colliders can eectively probe the MSSM Higgs sector, especially for models with
large tan  values. Furthermore, for mA
>
 100 GeV, Tevatron Run II is complementary
with LEP II, because the latter is not sensitive to that region of parameter space. The
LHC can further probe the MSSM down to tan  7 (15) for mA < 400 (1000) GeV.
This is also shown in Fig. 13 using the \default" set of SUSY parameters, in which the
region above the upper curve is the discovery contour at the 5 level for the LHC with
an integrated luminosity of 100 fb−1, and the area above the lower curve can be excluded
at 95% C.L, if a signal is not found.
For completeness, we also present the exclusion contours in the mh-tan and mA-tan
planes for both the \default" and the \LEP II Scan A2" sets of SUSY parameters. They
are shown in Figs. 14 and 15. Again, we see that the Tevatron Run II and the LHC bounds
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sensitively and complementarily cover the MSSM parameter space in contrast with the
LEP II results. We have also studied the bounds with the \LEP II Scan A1" inputs [17,18]
and found that the exclusion contours from the bb production are similar to those with
\LEP II Scan A2" inputs. The most noticeable dierence is that the theoretically allowed
range for mh becomes smaller by about 10 GeV in the \Scan A1" set, as compared to the
\Scan A2" inputs.
Even though our analyses, described above and in Sec. II, are quite dierent from that
of Ref. [8], the nal bounds at the LHC happen to be in qualitative agreement. We also
note that our bounds on the mA-tan plane improve considerably the one obtained in
Ref. [56], in which the pp ! bb ! +−bb production rate at the Tevatron Run I data
was compared to the MSSM prediction. Though, we do not choose to explicitly present
projected results for the Tevatron Run I data, we encourage our experimental colleagues
to pursue this analysis on the existing Run I data sample, as it seems likely that one could
obtain useful information even with the lower luminosity and collider energy of Run I as
well as a somewhat lower b-tagging eciency.
Before concluding this subsection, we remark upon the eects on our bounds from
the possible radiative corrections to the bb production process.13 As mentioned earlier
in Sec. II, one of the dominant correction is from the next-to-leading order (NLO) QCD
loops, which are not currently available for the bb signal and background cross sections.
However, aside from the QCD corrections to the bb vertex (part of that can be simply
included into the running of the bb Yukawa coupling or the running b-mass), there
are pentagon loops formed by the virtual gluons radiated from an initial state quark
(gluon) and re-absorbed by the nal state b quark with the bb vertex included in the
loop. Such QCD corrections are not factorizable so that a consistent improvement of our
results is impossible before a full NLO QCD analysis is completed14. Putting aside the
complexity of the full NLO QCD corrections, we briefly comment upon how the radiative
corrections to the running bb Yukawa coupling aect our nal bounds. The well-known
QCD correction, Eq. (12), alone will reduce the running mass mb() by about 40% from
the scale  = mpoleb ’ 5 GeV up to the weak scale of O(200) GeV (cf. the solid curve
of Fig. 16). This is however not the full story. The complexity comes from the nite
SUSY threshold correction in the large tan region which are potentially large [58{60].
13This point has also been recently discussed in Ref. [74].
14Such a full NLO QCD calculation is beyond the scope our current study. A systematic
calculation for this is in progress [57].
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As shown in Ref. [59], the dominant one-loop SUSY correction contributes to running
b-mass a nite term so that mb() at the SUSY scale   R = Msoft is multiplied by
a constant factor 1=[1 + b(SUSY)] . For large tan , b(SUSY) contains the following

































xy lnx=y + yz ln y=z + zx ln z=x
(x− y)(y − z)(z − x)
:
In these equations, the MSSM Higgs parameter  should not be confused with the usual
renormalization scale R. In (27), we have assumed, for simplicity, mass degeneracy for
the top and bottom squarks, respectively. Eq. (27) shows that the SUSY correction to
the running mb is proportional to tan and . Thus, this correction is enhanced for large
tan and non-negligible in comparison with the QCD corrections. Also changing the sign
of  will vary the sign of the whole correction b(SUSY) and implies that the SUSY
correction can either increase or decrease the running b-mass at the energy scale around
of O(Msoft). Normally, when dening the running coupling using the Collins-Wilczek-
Zee (CWZ) scheme [75], only the R-dependent contributions are included while all the
R-independent terms are absorbed into the corresponding Wilson coecient functions.
However, since the R-independent contribution b(SUSY) is not small for large tan
and a full NLO SUSY calculation is not yet available, we include b(SUSY) to dene an
\eective" running coupling/mass of b-quark even below the SUSY threshold scale Msoft.
This could give a rough estimate on the large SUSY loop corrections from the -b-b vertex.
Obviously, when R is much smaller than Msoft, the CWZ scheme should be used. Hence,
in Fig. 16, we only show the \eective" running mass mb() down to about 100 GeV which
is the relevant energy scale and the mass scale (MHiggs) considered in this paper. Fig. 16
illustrates that due to the SUSY correction the \eective" running bmass at the weak scale
can be either larger or smaller than the SM QCD running value ( 3 GeV), depending
15We thank K. Matchev for discussing his published results in Ref. [59], and to him and
W.A. Bardeen for discussing the issue of the running b-mass. Our convention of the MSSM
Higgs parameter  diers from that of Ref. [59] by a minus sign.
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on the choice of the sign of  parameter (and also other soft-breaking parameters such as
the trilinear coupling At and masses of the gluino, gaugino, stop and sbottom). For the
\default" set of SUSY parameters used in our analysis, all the soft-breaking parameters
are set to 500 GeV for simplicity. It happens to be the case that the SM QCD and SUSY
corrections nearly cancel each other so that the \eective" running mass mb is very close to
the pole mass value ( 5 GeV) for the scale above  100 GeV (cf. upper curve of Fig. 16).
For comparison, in our analysis using the \LEP II Scan A2" set of SUSY parameters, the
SM QCD and SUSY corrections do not cancel and tend to reduce the \eective" running
b-mass or the Yukawa coupling yb() which results in a weaker bound for the Tevatron
Run II and the LHC, as shown in Fig. 12b.16 The dierence in the exclusion contours
shown in Figs. 12a and 12b, derived from the measurement of the bb production rate
at hadron colliders, is mainly due to the dierence in the \eective" running coupling or
mass (including the QCD and SUSY corrections), as described above.17 We therefore
conclude that a full NLO QCD calculation is important for a consistent improvement of
our current analysis.
C. Interpretation of results for Models of soft breaking parameters
The MSSM allows for a very general set of soft SUSY-breaking terms and thus is
specied by a large (124 [6]) number of free parameters, though only a complicated subset
of this parameter space is consistent with all current experimental results. It would be
preferable to understand the mechanism of supersymmetry breaking, which presumably
occurs at a high energy scale [45], and to be able to predict the soft parameters at the weak
scale from such a model. Many alternative ideas for how supersymmetry might be broken,
and how this will aect the low energy soft breaking parameters exist in the literature,
including the supergravity inspired (SUGRA) models and gauge-mediated SUSY breaking
(GMSB) models. In this section we examine the sensitivity of the bb process to probe a
few models of SUSY breaking, concentrating for the most part on the popular SUGRA
and GMSB models. However, there are also other interesting ideas to which the bb
process may provide interesting information, because these models naturally prefer a
large tan. A few examples include the SO(10) grand unication theories [61] (SO(10)
16A detailed analysis of these eects at the Tevatron Run II is currently underway [74].
17From Fig. 12, it is also clear that, for the LHC bounds, the SUSY correction has much less
impact since the relevant tan  values become much lower, around of O(2− 15).
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GUTs); the infrared xed-point scenario [62]; and also a scenario with compositeness, the
\more minimal supersymmetric SM" [63].
1. Supergravity Models with large tan
The supergravity inspired (SUGRA) models [64] incorporate gravity in a natural man-
ner, and solve the problem of SUSY breaking through the introduction of a hidden sector,
which breaks SUSY at a very high scale [ O(1011) GeV] and interacts with the MSSM
elds only gravitationally. This model oers an exciting glimpse into the possible connec-
tion between the heavy top quark and the EWSB by allowing radiative breaking of the
electroweak symmetry, in which the large top quark Yukawa coupling can drive one of the
Higgs masses negative at energies  mZ . In the limit of large tan the bottom and tau
Yukawa couplings can also play an important role [65].
Under the assumption that the gravitational interactions are flavor-blind, this model
determines the entire SUSY spectrum in terms of ve free parameters (at the high energy
scale of the SUSY breaking) including a common scalar mass ( ~m0), a common gaugino
mass (M), a common scalar tri-linear interaction term (A), tan , and the sign of the Higgs
mixing parameter (sgn()). The weak scale particle spectrum can then be determined by
using the renormalization group analysis to run the sparticle masses from the high scale
to the weak scale.
Though large tan is not required by the minimal SUGRA model, it can naturally
be accommodated, as demonstrated in [65,66], where it was found that a large tan also
generally requires that the pseudoscalar Higgs mass be light (mA  200 GeV for tan 
30), because the enhanced b and  Yukawa couplings act through the renormalization
group equations to reduce the down-type Higgs mass term at the weak scale, thus resulting
in a light Higgs spectrum. Since the importance of the b and  eects in the RG analysis
increases with larger tan, as tan increases the resulting mA decreases, making the large
tan scenario in the SUGRA model particularly easy to probe through the bb process.
From the limits on the mA-tan plane derived above in Section IVB, it thus seems likely
that from the data of the Tevatron Run II with 2 fb−1of integrated luminosity, a large
portion of the minimal SUGRA model with tan  20 may be excluded.
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2. Gauge-mediated SUSY Breaking Models with Large tan
Models with GMSB break SUSY at a scale which is typically much lower than that
present in the SUGRA models. The supersymmetry is generally broken in a hidden sector
which directly couples to a set of messenger chiral superelds. This induces a dierence
in mass between the fermion and scalar components of the messenger elds, which in turn
generates masses for the gauginos and sfermions of the MSSM elds via loops involving
the ordinary gauge interactions [67,68]. A generic feature of this scenario is that because
of the relatively low scale of SUSY breaking, the gravitino acquires a much smaller mass
than in the SUGRA scenarios, and is generally the lightest supersymmetric partner (LSP).
While specic models of GMSB vary as to their assumptions and relevant parameters,
generally what must be assumed is the eld content of the messenger sector (including
transformation properties under the gauge group and number of multiplets in the theory)
and the scale at which SUSY is broken in the hidden sector.
The minimal GMSB models can also result in a radiative breaking of the EWSB,
through the renormalization group evolution of the Higgs masses (driven by the large
top Yukawa coupling) from the eective SUSY breaking scale to the weak scale. As in
the SUGRA model case, this evolution can drive the mass term of the up-type Higgs
negative at the weak scale, thus breaking the electroweak symmetry. In fact, because
the eective SUSY breaking scale in a GMSB model is typically much lower than in the
SUGRA model (and thus closer to the weak scale), in order for the proper EWSB to
occur, it was demonstrated in [69] that a large tan is required (about 30-40). However,
because the eective SUSY breaking scale is typically much lower than in the SUGRA
model, the large eects of the b and  on the Higgs mass running do not reduce the
Higgs spectrum to the degree that occurs in the SUGRA model with large tan, and
thus result in a heavier A with mass of about 400 GeV. So, this particular model would
only be explored through the bb process at the LHC. However, more general analyses of
the GMSB scenario [70{73], introducing more degrees of freedom in the messenger sector
than the minimal model, can allow for large tan and relax mA to be as low as about 200
GeV. Thus, through the bb production these more general models can be rst probed at
the Tevatron for the relevant mass range, and then largely explored at the LHC.
V. CONCLUSIONS
It remains a challenging task to determine the underlying dynamics of the electroweak
symmetry breaking and the flavor symmetry breaking. Either fundamental or composite
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Higgs boson(s) may play a central role in the mass generation of the weak gauge bosons
and the fermions. The heavy top quark, with a mass on the same order as the scale of
the electroweak symmetry breaking, suggests that the top quark may play a special role
in the mechanism of mass generation. In this work, we have shown that in the typical
models of this type, the bottom quark, as the weak isospin partner of the top quark, can
also participate in the dynamics of mass generation, and serves as an eective probe of
the possible new physics associated with the Higgs and top sectors.
We have presented a model-independent analysis on Higgs boson production in as-
sociation with bottom quarks, via the reaction pp=pp ! bb ! bbbb, at the Tevatron
Run II and the LHC. We have computed the QCD bbbb and bbjj backgrounds, and the
electroweak Zbb background to illustrate that it is possible to extract the signal from
these large backgrounds by employing a suitable search strategy. The scale and the PDF
dependencies in our signal and background calculations are also examined and they in-
dicate that the NLO QCD corrections to the production rate could be large, and thus
including the complete NLO QCD corrections in future improvements will be very useful.
Using the complete tree level calculation with an estimated QCD k-factor of 2, we derive
the exclusion contour for the enhancement factor (in the coupling of bb relative to that
of the SM) versus the Higgs mass m at the 95% C.L., assuming a signal is not found.
We apply these results to analyze the constraints on the parameter space of both the
composite models and the MSSM (in the large tan region) with naturally large bottom
Yukawa couplings. For the composite Higgs scenario, we rst consider the two-Higgs-
doublet extension of top-condensate model and then analyze the topcolor model, where
the b quark Yukawa couplings are naturally large due to the infrared quasi-xed-point
structure and the particular boundary conditions for (yb; yt) at the compositeness scale.
Our analysis shows that the Tevatron Run II with a 2 fb−1 of luminosity can exclude
the entire parameter space of the simplest two-Higgs-doublet extension of top-condensate
model, if a signal is not found. For the topcolor model, the Tevatron Run II is able to
detect the composite Higgs hb or Ab up to  400 GeV and the LHC can extend the mass
range up to  1 TeV. Similarly, this production mechanism can be used to eectively test
the dynamical left-right symmetric model.
To conrm the MSSM, it is necessary to detect all the predicted neutral Higgs bosons
h; H; A and the charged scalars H. From LEP II, depending on the choice of the MSSM
soft-breaking parameters, the current 95% C.L. bounds on the masses of the MSSM Higgs
bosons are about 70 GeV for both the CP -even scalar h and the CP -odd scalar A [19]. It
can be improved at LEP II with higher luminosity and maximal energy, but the bounds
on the Higgs masses will not be much larger than  mZ for an arbitrary tan  value. The
27
Wh and WH associated production at the Tevatron Run II can further improve these
bounds, if a signal is not observed. At the LHC, a large portion of parameter space can
be tested via pp! tt+h(! γγ)+X, and pp! h(! ZZ)+X, etc [51,52]. A future high
energy e+e− collider will fully test the MSSM Higgs sector [53,54] through the reactions
e+e− ! Z + h(H); A+ h(H); H+H−, etc. In this paper, we demonstrate that studying
the bb channel at hadron colliders can further improve our knowledge on MSSM. The
exclusion contours on the mA-tan plane of the MSSM shows that the Tevatron and the
LHC are sensitive to a large portion of the parameter space via this mode. It therefore
provides a complementary probe of the MSSM Higgs sector in comparison with that from
LEP II. The implications of these bounds in the parameter space on both the supergravity
and the gauge-mediated SUSY breaking models are further discussed. We nd that the
bb process can eectively test the models with either scheme of the SUSY soft-breaking
in the large tan scenario.
In conclusion, the stringent constraints obtained by studying the associated bb pro-
duction at hadron colliders for both the composite and the supersymmetric models show
the utility of this search mode. We nd that it complements Higgs searches in other chan-
nels. Thus, it is expected that experimental searches for this signature at the Tevatron
Run II (and possibly beyond) and the CERN LHC will provide interesting and important
information about the mechanism of the electroweak symmetry breaking and the fermion
mass generation.
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TABLES
Process Acceptance Cuts pT Cuts R Cut M Cut
bb 4923 1936 1389 1389
Zbb 1432 580 357 357
bbbb 5:1 104 3760 1368 1284
bbjj 1:2 107 1:5 106 6:3  105 5:9 105
TABLE I. The signal and background events for 2 fb−1of Tevatron data, assuming
m = 100 GeV, 2m = 26 GeV, and K = 40 after imposing the acceptance cuts, pT cuts,
and reconstructed m cuts described in the text. (A k-factor of 2 is included in both the signal























T cuts for isolating a Higgs boson of mass m from the
QCD bbbb background.
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Process 2 or more b-tags 3 or more b-tags 4 b-tags
bb 1139 660 180
Zbb 293 170 46
bbbb 1054 610 166
bbjj 1:2  105 2141 4
Signicance 3.3 12.21 12.25
TABLE III. The signal and background events for 2 fb−1of Tevatron data, assuming
m = 100 GeV, 2m = 26 GeV, and K = 40 for two or more, three or more, or four b-tags,
and the resulting signicance of the signal.
Higgs A h H
yU=y
SM
U cot  cos= sin  sin= sin 
yD=y
SM
D tan − sin= cos  cos= cos 
gV V =y
SM
V V 0 sin( − ) cos( − )
TABLE IV. Comparison of the neutral MSSM Higgs couplings to up-type (U = u; c; t) and
down-type (D = d; s; b; e; ; ) fermions and to the gauge-boson (V = W;Z) pairs. The ratios














FIG. 1. Representative leading order Feynman diagrams for bb production at a hadron











FIG. 2. Representative Feynman diagrams for leading order Zbb production at a hadron

































FIG. 4. Representative leading order Feynman diagrams for QCD bbjj production at a
hadron collider.
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FIG. 5. In the upper gure is shown the distribution of the QCD bbbb background (solid
curve) and K = 40 bb signal (dashed curve) cross sections in p
(1)
T at the Tevatron Run II after
the acceptance cuts. The lower gure presents the distribution of p
(2)
T at the Tevatron Run
II after applying the cut to p
(1)





extracting the bb signal from the QCD background.
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FIG. 6. In the upper gure is the model-independent minimum enhancement factor, Kmin,
excluded at 95% C.L. as a function of scalar mass (m) for the Tevatron Run II with 2 fb
−1(solid
curve), 10 fb−1(dashed curve) and 30 fb−1(dotted curve). The lower gure presents the same
factor, Kmin, excluded at 95% C.L. (solid curve) and discovered at 5 (dashed curve) as a
function of m for the LHC with 100 fb
−1. In the above, the natural width of the scalar (Γ) is
assumed to be much smaller than the experimental mass resolution.
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FIG. 7. Renormalization group running of yt and yb in the 2HDE of top-condensate model
and the TCATC model. For the 2HDE of top-condensate model, two sets of curves are shown:
the upper two curves (solid for yt and dotted for yb) are for the typical boundary condition
yt(10
15GeV) = yb(10
15GeV) = 6  1 and they are too close to be distinguishable; the lower
two curves are for the boundary condition yt(10
15GeV) = 4; yb(10
15GeV) = 1 . In both cases,
yt and yb have very similar infrared values, of O(1), at the weak scale.
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FIG. 8. 95% C.L. discovery reach of the Tevatron Run II and the LHC for (a) the 2HDE of
top-condensate model and (b) the TCATC model. Regions above the curves can be discovered.
The top curves in (b) indicate yb( = mt) values for various topcolor breaking scale , which
are based on the RG running analysis (cf. Fig. 7).
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FIG. 9. The 5 discovery and 95% C.L. exclusion contours for yb()=y
SM
b () as a function
of Mhb in the TCATC model, at the LHC with 100 fb
−1 luminosity.
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FIG. 10. Bottom Yukawa couplings to the MSSM Higgs bosons and the mass dierences,
mA−mh and mH−mA, as a function of mA for tan values: 2.0, 5.0, 10.0, 20.0, 30.0, 40., 50.0.
In (a), ybbh is in solid and ybbH is in dashed, and tan decreases from top to bottom curves.
In (b), mA −mh is in solid, mH −mA is in dashed, and tan increases from the top to bottom
curves. Here, all the SUSY soft-breaking mass parameters are chosen to be 500 GeV.
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FIG. 11. The same as the previous gure, but in (a)-(b), we change the right-handed stop
mass to 200 GeV, and in (c)-(d), we use the \LEP II Scan A2" set of SUSY parameters.
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FIG. 12. 95% C.L. exclusion contours in the mA-tan plane of the MSSM. The areas above
the four boundaries are excluded for the Tevatron Run II with the indicated luminosities, and
for the LHC with an integrated luminosity of 100 fb−1. LEP II can exclude the left area of the
solid curve in the lower plot.
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FIG. 13. Discovery and exclusion contours in the mA-tan  plane of the MSSM for the LHC
with an integrated luminosity of 100 fb−1. The area above the lower boundary is excluded at
95% C.L., while the upper boundary is the 5 discovery contour. The soft SUSY breaking
parameters were chosen uniformly to be 500 GeV.
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FIG. 14. 95% C.L. exclusion contours in the mh-tan  plane of the MSSM. The areas above
the four boundaries are excluded for the Tevatron Run II with the indicated luminosities, and
for the LHC with an integrated luminosity of 100 fb−1. LEP II can exclude the area on the
left-hand side of the solid curve in the lower plot.
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FIG. 15. 95% C.L. exclusion contours in the mA-mh plane of the MSSM. The shaded areas
indicate the excluded regions for the Tevatron Run II with integrated luminosities, 2, 10, 30 fb−1,
and for the LHC with an integrated luminosity of 100 fb−1, as those in the previous gures.
LEP II can exclude the area on the left-hand side of the solid curve in the lower plot.
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FIG. 16. The running of the bottom quark mass mb(R) as a function of the renormalization
scale R. The solid curve shows the QCD evolution alone. The dashed curve further includes
the supersymmetric corrections to the \eective" running mass, for tan = 30. All soft SUSY
breaking parameters have been xed as 500 GeV. The dotted curve includes the SUSY corrections
but with the sign of the Higgs-mixing parameter  flipped.
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